ABSTRACT
INTRODUCTION
The study of fluorescence quenching has become an important spectroanalytical method that often uses fluorescent coumarin, quinoline and acridine derivatives whose fluorescence is quenched by halides (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Dynamic (collisional) quenching results from encounters between the fluorophore and the quencher during the lifetime of the excited state. Because chloride is the major extra-and intracellular anion, it has been applied as a perturbation-insensitive technique to scan intracellular levels. The study of chloride channels has been stimulated by the discovery that the genetic effects of cystic fibrosis are manifested by changes in chloride transport (17). Elevated levels are related to acidosis as well as to too much water crossing the cell membrane. Decreased levels along with decreased serum albumin may indicate a water deficiency. Bromide and iodide are troublesome in the methods mentioned above, but at serum concentrations of 9-170 p, LM for bromide and 0.34.5 p l 4 for iodide they do not interfere significantly (18) . For the process of dynamic quenching to occur, the quencher has to diffuse to the fluorophore during the lifetime of the excited state. After collision, the fluorophore undergoes a radiationless return to the ground state. Provided that this is the only process occurring and that there are no other restricting factors such as a second fluorophore or quencher, dynamic quenching is described by a single-exponential Stern-Volmer behavior. A possible process indicating a quenching process is the static quenching that occurs when the fluorophore and the quencher form a nonfluorescent ground-state complex. To differentiate between both processes, further investigations like temperature dependence or decay time measurements are necessary. From fluorescence decay time analysis the dynamic quenching constant can be directly obtained from the fraction of rdr. Because static quenching does not alter the fluorescence lifetime, no disturbance of ground-state complex formation is notable.
In this work, a new synthesized fluorescent quaternized of its long-wavelength absorbance and overall neutrality. Due to its structure, SPBA should not form ground-state complexes with anions at physiological ionic strength easily. For cationic fluorophores, e.g. lucigenin ionic interactions with anions are more likely to occur. The dependencies on pH, buffer type and concentration as well as ionic strength were also examined. In order to distinguish dynamic and static quenching, the fluorescence spectroscopic properties of SPBA were investigated including fluorescence lifetime measurements in the absence and presence of the respective anions.
MATERIALS AND METHODS
Chemicals. All reagents used were of analytical grade and used without additional purification. Fluorescence lifetimes were measured on a multifrequency phase Buorometer K2 from ISS using a 150 W continuous wave xenon lamp (PS 300-1, from ILC technology) as the excitation light source and at an excitation wavelength of 438 nm. Also provided were two signal generators 2022D from Maroni Instruments and a Schott FIT-CA bandpass filter with transmission at 445-495 nm. Fluorescence lifetime measurements were referenced using a glycogen solution. Absorption spectra were obtained on a PC-controlled U-3OOO spectrophotometer from Hitachi. All spectroscopic investigations were performed at 22 5 1°C.
Elemental analyses were carried out with a CHN-rapid analyzer from Heraeus. Infrared spectra were received on a Perkin-Elmer 881 IR spectrometer. Mass spectra were acquired with a Varian MAT Acridone phosphorus oxychloride 1, was synthesized from N-phenylanthranilic acid as described by Gleu et al. (19) followed by a reductive Grignard coupling (19.20) using bromobenzene and forming 9,9'-biacridine 2 (21.22) . The synthesis of SPBA was carried out by the following procedure: A mixture of 1 g (2.8 mmol) of 9,9'-biacrinine 2 and 3.7 g (30.3 mmol) of 1,3-propanesultone was stirred at 190°C in a pressure tube for 1 day. The crude product, a brown slurry was stored in the refrigerator. For purification, 300 mg of the crude product was dissolved in 50 mL of methanol and chromatographed on reversed-phase silica gel using methanol as eluent. Eighty milligrams (133 pmol) of yellow pure SPBA were obtained. 
RESULTS AND DISCUSSION
The absorption spectrum of SPBA dissolved in distilled water displays the typical acridine peaks (23) at 352 nm (e = 14000 M-I cm-I) and 368 nm (E = 31 000 M-l cm-I) and additional peaks at 432 nm (a = 9700 M-l cm-I) and 455 nm (E = 7800 M-' cm-I) as well. The excitation spectrum displays peaks at 370, 438, 450 and 462 nm; the emission maximum appears between 490 and 498 nm. The quantum yield of SPBA in distilled water was found to be +F = 0.52, referred to lucigenin (k = 0.67) (11).
Titration with anions
The investigation of SPBA in distilled water included the measurement of anion-induced quenching of the fluorescence of the dye. A series of steady-state fluorescence measurements with various concentrations of the respective anions were made. Fluoride, chloride, bromide, iodide, sulfate, nitrate and perchlorate were tested using their sodium salts. Typical fluorescence spectra measured at different chloride concentrations are shown in Fig. 2 . Fluorescence decay times of SPBA solutions were measured as a function of the chloride concentration ranging from 0 to 50 mmol/L. At higher chloride levels, the loss of fluorescence intensity did not allow reasonable measurements. The decay times are 18.0 ns at 0 mmoVL, 16.1 at 1 mmoyL, 8.1 at 10 mmoVL, 5.5 at 20 mmol/L and 2.6 at 50 mmoVL chloride, respectively. The analysis of the emission spectra shows that the fluorescence of SPBA is not quenched by sodium perchlorate and slightly quenched by sodium fluoride, nitrate and sulfate. According to Coulomb's law, the differences in ionic radii are responsible for the strongly increased quenching in the order C1-< Br-< I-(see Table   1 ).
The slopes of the strictly linear range were used for the determination of the dynamic quenching constant Ksv. The concentration ranges are shown in Table 1 . Higher concentrations cause an upward curvature. We attribute this effect to the inferior signal-noise ratio and to additional static quenching. The confirmation for dynamic quenching in the range of the linear Stern-Volmer plot is given by measurements of the fluorophore absorption and fluorescence decay time. 0-500 -*The limit of detection is the lowest concentration of an analyte at which positive identification can be achieved with reasonable and/or previously determined confidence in a defined matrix using a specific analytical method (signal equal to twice the peakto-peak noise level of the baseline) and instrumentation.
As expected for dynamic quenching, the absorption spectra of SPBA are not influenced by various chloride concentrations. As can be seen from Fig. 3 , the Stern-Volmer plots of steady-state fluorescence measurements and decay time analyses do have exactly the same slope. These data are consistent with a dynamic quenching mechanism.
Titration at constant ionic strength
If both the fluorophore and the quencher are charged, this may lead to a deviation from a linear Stern-Volmer plot depending on the ionic strength. In this case ionic interactions with the fluorophore ground state might be possible. Due to the betaine structure of SPBA, these ground-state interactions might be reduced compared to cationic fluorophores such as lucigenin. In order to diminish the influence of ionic strength, the steady-state fluorescence measurements were performed using solutions of sodium chloride, sodium bromide and sodium iodide at constant ionic strength of 300 mmol/L. Because perchlorate does not quench SPBA, its sodium salt was used to adjust the solution ionic strength to 300 mmol/L. The results are shown in Table 2 .
A decrease by 30% of the quenching constants in comparison to measurements at uneven ionic strength described before was found for measuring solutions with an ionic strength of 300 mmol/L. *The limit of detection is the lowest concentration of an analyte at which positive identification can be achieved with reasonable and/or previously determined confidence in a defined matrix using a specific analytical method (signal equal to twice the peakto-peak noise level of the baseline) and instrumentation.
Titration with buffers
In order to warrant a constant pH for measurements, a regulator system (24) has to be found that buffers in the physiological range of pH 7.35-7.45 and does not excessively affect the measurement itself. Three buffer systems were tested by absorption, steady-state fluorescence and decay time measurements. The buffers tested are phosphate, HE-PES and MOPS, respectively. The emission spectra of SPBA without buffer and with 20 mmoVL of the respective buffers are shown in Fig. 4 . The absorption spectra do not change on adding buffers, but the fluorescence decay times do, as can be seen from the bimolecular rate constants in Fig. 5 . The SPBA fluorescence is substantially quenched by MOPS and HEPES and only slightly by phosphate buffer. The quenching behavior of HEPES in comparison with the behavior of SPQ has already been investigated by measurements of steady-state fluorescence (8,12) and described as a dynamic quenching process. The SPBA is also quenched by a collisional mechanism by MOPS and HEPES. This is proven by the buffer-independent absorption spectra and by Stern-Volmer plots of steady-state fluorescence and decay time measurements that do have the same slope. The bimolecular rate constants are for HEPES K = 1.67 X lo6 M-I s -I , for MOPS K = 1.44 X lo6 M-I s-I and for phosphate K = 1.61 X lo5 M-' s-I. Because the phosphate buffer has the smallest effect on the fluorescence of SPBA, it was used for further investigations.
Fluorescence quenching of the indicator by MOPS and HEPES may also be ascribed to an intermolecular photoin- duced electron-transfer (25) . The results of our measurements indicate that the quenching caused by MOPS and HE-PES has a mechanism similar to the dynamic fluorescence quenching of lucigenin by amines (26) .
Fluorescence of SPBA at various pH values
The fluorescence intensity of SPBA is pH independent between pH 5 and 8. For the examination, the pH of several SPBA solutions were adjusted with 10 mmoyL phosphate buffer to the desired values. Because the fluorescence depends on the ionic strength and the buffer used, titration with sodium halides was carried out considering both effects simultaneously. Chloride, bromide and iodide solutions were prepared in the concentration range from 0 to 300 mmol/L. The total concentrations of the respective solutions were adjusted to 300 mmoVL with sodium perchlorate, and the pH set to 7.2 with 10 m m o m phosphate buffer. This yields a total ionic strength of 325 mmoyL.
The results of the titrations, shown in Table 3 , point out the increasing sensitivity of SPBA fluorescence in the order of chloride, bromide and iodide. All values are reproducible within 2%. The Stem-Volmer plots of the titrations do all have only a small linear range before an upward curvature occurs. This can be seen in Fig. 6 for the titration with sodium chloride, where above 50 M the curve differs from the straight line. We attribute this effect to a deviation of a diffusion-controlled quenching by additional static quenching of the fluorophore. According to the quadratic quenching *The limit of detection is the lowest concentration of an analyte at which positive identification can be achieved with reasonable and/or previously determined confidence in a defined matrix using a specific analytical method (signal equal to twice the peakto-peak noise level of the baseline) and instrumentation.
model (27) , two constants (K, = 34.9 M -' and K2 = 9.3 M-I) can be calculated. As can be seen from Fig. 6 , one represents an association constant for the ground-state complex formation between chloride and the fluorophore and the second is the rate constant for the first-order decay of the fluorophore excited state. An exact allocation was not met.
CONCLUSIONS
The SPBA is found to be a viable probe for chloride. It can be prepared from N-phenylanthranilic acid and 1,3-propanesultone in three steps. The synthesis via 9,9'-biacridine not only enables the preparation of SPBA but makes other functional biacridines available. The fluorophore can be excited by blue light that is advantageous in view of background fluorescence of a biological sample and is quenched by chloride, bromide and iodide with rising sensitivity. At higher concentrations, additional quenching effects occur besides dynamic quenching. Anions like sulfate, nitrate and perchlorate hardly quench its fluorescence. The fluorescence is pH independent in the range from pH 5 to 8. Ionic strength has a considerable effect on quenching. The HEPES and MOPS interfere with halide determination due to their quenching properties. Phosphate buffer was found to interfere least. The bimolecular rate constants K for chloride are 6.83 X 106 M-' s-I in water and 4.24 X 106 M-l s-' in a buffered solution with a constant ionic strength of 325 mmoyL. Considering the use of SPBA as a new probe for chloride sensing, cross sensitivity to bromide and iodide can be neglected due to its low levels in matrices like blood and serum. However, the quenching constants of SPBA are too high for serum analysis. The fluorescence is quenched by half at a chloride concentration of about 13-14 mmol/L. Therefore, the concentration range (3-80 mmol/L) where chloride ions quench the fluorophore emission is below the physiological blood level of about 95-1 10 m m o a (26) . Nevertheless, a biological application of SPBA is conceivable by measuring chloride in vesicles and live cells (6) where only about 12% of body chloride is present.
